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SUMMARY

Primordial germ cells (PGCs) give rise to male and female
germ cells to transmit the genome from generation to
generation. Defects in PGC development often result
in infertility. In the mouse embryo, PGCs undergo
proliferation and expansion during and after their
migration to the gonads from 8.5 to 13.5 days post coitum
(dpc). We show that a peptidyl-prolyl isomerase, Pinl,
is involved in the regulation of mammalian PGC
proliferation. We discovered that both the male and female

progressively impaired, resulting in a markedly reduced
number of PGCs at 13.5 dpc. Analyses using markers of
cell cycle parameters and apoptosis revealed th&inl—"-
PGCs did not undergo cell cycle arrest or apoptosis.
Instead, Pin1~~ PGCs had a lower BrdU labeling index
compared with wild-type PGCs. We conclude that PGCs
have a prolonged cell cycle in the absence Bfnl, which
translates into fewer cell divisions and strikingly fewer
Pin1~~ PGCs by the end of the proliferative phase. These

Pin1~~mice had profound fertility defects. Investigation of
the reproductive organs revealed significantly fewer germ
cells in the adultPin1--testes and ovaries than in wild type
or heterozygotes, which resulted fromPin1~- males and
females being born with severely reduced number of Key words: Primordial germ cells, Pin1, Proliferation, Cell cycle,
gonocytes and oocytes. Further studies in 8.5 to 13.5 dpc Knockout mice

Pin1~-embryos showed that PGCs were allocated properly

at the base of the allantois, but their cell expansion was Supplementary figures available online

results indicate that Pinl regulates the timing of PGC
proliferation during mouse embryonic development.

INTRODUCTION involved in the regulation of PGC development often are
discovered in spontaneous and targeted mouse genetic models
In the mouse, primordial germ cells (PGCs) are establishe@dgoulnik et al., 2002; Pellas et al., 1991; Takeuchi et al.,
from precursors in the epiblast at the base of the future allantad2903). We identify a peptidyl-prolyl isomerase, Pinl, as a
at 7.5 dpc (Lawson and Hage, 1994; McLaren, 2000; Saitou etgulator of the timing of PGC proliferation using a targeted
al., 2002). Starting at 8.5 dpc, PGCs begin to migrate througinockout mouse model.

the hindgut and dorsal mesentery, and arrive in the embryonic Pinl catalyses the cis-trans isomerization of phosphorylated
gonads by 10.5 dpc (Gomperts et al., 1994; Wylie, 1999%erine/threonine-proline bonds in phosphoproteins, thereby
During and after PGC migration, they proliferate and increasaltering conformation leading to a change in protein stability
rapidly in number until 13.5 dpc (McLaren, 2000; Tam andor function (Lu et al., 2002; Stukenberg and Kirschner, 2001;
Snow, 1981). After this time, PGCs in the male (XY) gonadyaffe et al., 1997). Many studies in cultured cells have
undergo cell cycle arrest until a few days after birth, whereasplicated Pinl as a regulator of cell cycle progression, as well
in the female (XX) gonad, PGCs enter meiosis and arrests the DNA replication and DNA damage checkpoints (Lu et
in prophase of meiosis | (McLaren, 2000). A number ofal., 1996; Lu et al., 2002; Winkler et al., 2000; Zacchi et al.,
extracellular growth factors and receptors, including Stem ceR002; Zheng et al., 2002). Pin1 has been shown to interact with,
factor (Scf), Fgf and Kit, have been shown to play a role irand suggested to regulate, crucial cell signaling proteins such
PGC survival and proliferation (De Miguel et al.,, 2002;as Jun, cyclin D1, Cdc2B:catenin and p53 (Crenshaw et al.,
Donovan, 1998; Matsui et al., 1992; Resnick et al., 1992)1998; Liou et al., 2002; Ryo et al., 2001; Wulf et al., 2001;
However, the intracellular events regulating PGC proliferatiorZacchi et al., 2002; Zheng et al., 2002). In addition, Pinl plays
are currently not well understood. Because very few PGCs canrole in dorsoventral patterning of the developing egg chamber
be isolated and because of the technical limitations in thim Drosophila by regulating the stability of a transcription
manipulation of gene expression in these cells in vitro (Déactor, Cf2, via the MAPK pathway (Hsu et al., 2001).
Miguel et al., 2002; Watanabe et al., 1997), intracellular factorBepletion of Pinl in HelLa cells and budding yeast has been
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reported to cause mitotic arrest and nuclear fragmentation tontrols using th@in1--tissues or pre-absorbed anti-Pin1 antibodies
those cells (Lu et al., 1996). In spite of the numerous criticakith GST-Pinl proteins described previously in our laboratory
cellular roles attributed to Pin1 (Lu et al., 2002), adult micdWinkler et al., 2000), and both provided similar negative staining
homozygous for the targeted deletion of Bial gene were results. Pinl immunostaining in go_nad_s was ca_lrr_led_ out in
reported to exhibit only mild defects in the mammary glandw:glgngo du;ctseﬁbdrs(sac“aje]it:aenlwog\rﬁ gcgrpéntéTé?wgn(gztglggg "; 7'2’}5'5
. . . . . . S, y yosecti W) Wi
arc])(\j/vg‘v;[a?Sttlﬁeasr;dgg[:j?gso{/v\é?:eyc?ell?riir(]jm(;ﬂl'[sc)(rﬁlc;urﬁ}ledy zgggagcked in blocking buffer (10% heat-inactivated goat serum, 3%
! Al . dg A, 0.1% TritonX-100 in PBS) at room temperature for 2 hours,
background. To explore further the in vivo functionRafl,  ihen incubated in anti-Pin1 antibodies (1:100 diluted in blocking
we used marker-assisted speed congenic breeding to backcrggfer) overnight at 2C. Sections were washed in wash buffer (1%
the mutation into an inbred C57BL/6J background, in whictheat-inactivated goat serum, 3% BSA, 0.1% TritonX-100 in PBS)
the studies described below were conducted (see Fig. ®iree times for 10 minutes, and incubated in FITC-conjugated donkey
at http://dev.biologists.org/supplemental/). In this report, weanti-rabbit secondary antibodies 1:500 (Jackson ImmunoResearch)
found that male and femaln1—'—mice were born with fewer for 1 hour at room temperature. Sections were washed in wash buffer
germ cells, resulting in severe fertility defects in both genderdfree times for 10 minutes with',é-diamidino-2-phenylindole
We examined the development of PGCPIn1- embryos, dihydrochloride (DAPI) lug/ml (Sigma) added in the last wash to

. e : - identify the nuclei. The adjacent serial sections were processed for
S?c?lifggggzed Pinl as a regulator of the timing of PGdalkaline phosphatase assays to detect PGCs in those stages as

described below.

PGC detection in embryos and gonads

MATERIALS AND METHODS Embryos were obtained from pregnant females 7.5, 8.5, 9.5, 11.5, 12.5
) o and 13.5 dpc, with the first day of vaginal plug identification defined
Generation of Pin1~"~ mice as 0.5 dpc. Embryos and gonads were dissected in PBS and fixed in

HomozygousPinl-mutant mice, originally generated by Fujimori et. 4% paraformaldehyde overnight &4 followed by washing in PBS.

al. (Fujimori et al., 1999), were obtained from Hoffman LaRocheEmbryos and gonads were ready to be processed as wholemounts after
(Nutley, NJ). ThePinl gene deletion was transferred into an isogenicwashing in PBS. For embryo sections, embryos were further
C57BL/6J background using marker-assisted speed congeniehydrated in 10% and 15% sucrose for 15 minutes each, and in 20%
protocols by the Jackson Laboratory. Genotyping was performed tsucrose for 1 hour, then in 1:1 20% sucrose:OCT compound (Tissue-
PCR, using primers "SATCATCCTGCGCACAGAATG-3 and 5B- Tek) overnight at 4C. Embryos were then embedded in 1:3 20%
TCAATTCCTCCAGAAGGAGC-3 for the wild-type Pinl allele, sucrose:OCT compound and cryosectioned a0 PGCs were
5-CTTGGGTGGAGAGGCTATTC-3and 3-AGGTGAGATGACA- detected in 7.5, 8.5 and 9.5 dpc embryos and in embryo sections using
GGAGATC-3 for the disrupted allele. Embryos were sex-typedalkaline phosphatase assays as described by others (Lawson et al.,
by PCR for the Smcy and Smcx genes using primers'-5  1999). Briefly, whole embryos or embryo sections were placed in 70%
CCGCTGCCAAATTCTTTGG-3 and 3-TGAAGCTTTTGGCTT- ethanol at 4C for 1 hour, then washed once in PBS and stained with

TGAG-3. Fast Red TR andi-napthyl phosphate (Sigma) to detect alkaline
o . phosphatase-positive cells. PGCs in 11.5, 12.5 and 13.5 wholemount
Fertility studies gonads were detected using anti-PECAM 1:500 (Pharmingen) as

Continuous mating studies were carried out to assess fertility gmeviously described (Schmabhl et al., 2000; Yao et al., 2002). Briefly,
described by others (Jeffs et al., 2001). Briefly, males around 12 weew$holemount gonads were blocked for 3-4 hours in blocking buffer
of age were housed individually with females around 7 weeks of agél% heat-inactivated goat serum, 5% BSA, 0.1% TritonX-100 in PBS)
Mounting behavior and copulatory plugs were observed to confirmt room temperature, then incubated in primary antibodies diluted in
normal mating behavior. Six pairs of each mating combination (wildblocking buffer overnight at*€. Gonads were washed in wash buffer
type males and femaleRin17-males and femaleBjn17-males and  (0.1% TritonX-100 in PBS) three times for 1 hour at room
wild-type females, Pin17~ females and wild-type males) were temperature, and incubated in secondary antibodies in blocking buffer
followed for six months. The number of litters produced by each paiovernight at 4C, followed by washing three times for 1 hour in wash
and the number of pups per litter were recorded and summed for edshffer at room temperature and mounted on slides using imaging
mating group. spacers (Sigma).

Histology and immunohistochemistry Apoptosis assay

Postnatal testes and ovaries were fixed in Bouin's fixative andpoptotic cells were detected using LysoTracker Red (Molecular
embedded in paraffin wax. Testes and ovaries were sectiongdrat 7 Probes) in wholemount gonads as previously described (Yao et al.,
intervals. Testis sections were stained with periodic acid-Schif2002; Zucker et al., 1999). Briefly, 12.5 dpc gonads were dissected in
reagent and Hematoxylin (PAS-H) (Polyscientific). Ovary sectionssterile PBS, cultured in 50 DMEM medium with 2 pl/ml

were stained with Hematoxylin and Eosin. Testis sections were aldgysoTracker Red for 30 minutes in a 37°C, 5%@@ubator. Gonads
processed for immunohistochemistry as previously described (Endengere washed in PBS, fixed in 4% paraformaldehyde overnight at 4°C
and May, 1994). Briefly, sections were deparaffinized, rehydratedand processed for whole-mount immunohistochemistry.

followed by antigen retrieval in 10 mM sodium citrate buffer. Sections ) o

were blocked in normal goat serum in PBS for 1 hour, and incubatddrdU pulse labeling and antibodies

with primary antibody at 4C overnight. After washing in PBS, BrdU pulse labeling and detection were carried out using procedures
secondary antibody was applied for 1 hour and followed by washingreviously described (Schmahl et al., 2000). Briefly, heterozygous
in PBS. Staining was visualized using VectaStain (Vectompregnant females at 12.5 dpc received an i.p. injection of 50 mg/kg of
Laboratories). Gonocytes were detected using the anti-GCNABrdU (Sigma) and pulsed for 30 minutes. Gonads were dissected from
antibody (a generous gift from G. C. Enders). Pinl protein waembryos and processed for whole-mount immunohistochemistry as
detected using the rabbit polyclonal anti-Pinl antibody 1:100n Schmabhl et al. (Schmahl et al., 2000). Anti-BrdU (Roche) 1:100,
generated previously in our laboratory (Winkler et al., 2000).anti-Ki67 (Pharmingen) 1:100, anti-phosphohistone H3 (Upstate
Specificity for the Pinl immunostaining were confirmed in negativeBiotechnology) 1:200 and anti-laminin (a generous gift from H.



Pinl in PGC proliferation 3581

Erickson) 1:200 were used accordingly. All conjugated secondar
antibodies (Jackson ImmunoResearch) were used at 1:500 dilution

PGC quantitation

>
Embryos and gonads were mounted on slides using imaging spact &
(Sigma) and cover slips after each experimental procedure. All PGC & =
in 8.5 and 9.5 dpc whole embryos were counted under a ligt | o
microscope. PGCs in gonads were counted using methods . é
Schmabhl et al. (Schmahl et al., 2000). Briefly, PGCs in the interio
middle third segment of each gonad were counted using tke 4C "~ —
objective of a Zeiss LSM 410 confocal microscope, with images
spaced at 1am intervals to avoid counting the same cells. The BrdU ; 5
index was the ratio of BrdU-positive PGCs and all counted PGCs i § |
each gonad. 1=
Statistics ‘ ?
PGC numbers from each genotype, age and sex group were Ic 1=

transformed because of heterogeneous variance across ages,
analysed using three-factor ANOVA (genotype, age, sex) in StatViev #
P-values were used to determine statistical significance. The Brd
index was analysed using unpaired Studettsst. N for each 3
category ranged from 6 to 19. Bar graphs were plotted in MS Exce f <

RESULTS

Germ cell number deficiency in postnatal Pin1 -

mice

Both male and femalRinl-deficient mice were infertile when
mated together. Over six months, six pairs of wild-type mice &2 5 ™ & (
produced 35 litters and 279 pups, while no offspring wert F"“" LG
obtained from six pairs dPin1”— mice mated for the same e
time. No fertility defects were observed in heterozygous “ ALY
Pin1*~ males or females. To determine which gender wa h
responsible for the infertility, we mateeinl/— males with E,:_
wild-type females, an@®in1-- females with wild-type males.

We found that botPin1~- males and females were subfertile Fig. 1. PostnataPin1--males and females have fewer germ cells.
when mated with wild-type mice, producing only 12 litters anc(A,C,E,G) Wild-type; (B,D,F,HPin1~~. (A,B) Adult testis section
63 pups by six pairs d®in1~- males, and 22 litters and 100 shows t_haPinl—/—testis_, has mostly empty seminiferous tubules
pups by six pairs oPinl7- females. The fewer number of containing only Sertoli cells and no germ cells. (C,D) Adult ovary
litters and fewer pups per litter compared with wild-typeSection reveals that few ovarian follicles are sediii-females.
matings for both genders indicated that Heihi-- males and (E,F) Newborn testis section shows tRail-~testis has many fewer

. . gonocytes, identified by the GCNAL antigen (brown), within
females had fertility defects. To study the basis for th(properly formed testis cords, while many gonocytes populate the

abnormal fertility, we examined the testes and ovaries of adyyiq.type testis. (G,H) Numerous oocytes, highlighted by the blue

male and femalePin17~ mice. In the wild-type testis, all circles, are in a newborn wild-type ovary. The newtRimi--ovary
seminiferous tubules contained germ cells organized in thhas few oocytes. (A,B) Periodic acid-Schiff histochemistry.

multi-layered epithelium. Spermatogonia, spermatocyte(C,D,G,H) Hematoxylin and Eosin. (E,F) Immunohistochemistry

and spermatids produced during the normal process with antibodies to GCNAL.

spermatogenesis were clearly identified (Fig. 1A). By contras

the Pin1~~ testis had many seminiferous tubules that were

markedly depleted of germ cells but did contain somatic Sertoidentified by the germ cell nuclear antigen GCNA1 (Enders and
cells (Fig. 1B). Examination of adult ovaries showed multipleMay, 1994), populated the testis cords (Fig. 1E). However,
ovarian follicles in different stages of development in the wild-Pin1--testis cords were either completely devoid of germ cells
type ovary (Fig. 1C). However, very few follicles were seen iror contained fewer gonocytes (Fig. 1F). Formation of the testis
ovaries ofPin17- females (Fig. 1D). Because the male andcords appeared normal in tRén1-/~ testis. In newborn wild-
female reproductive abnormalities were similar in that theyype ovaries, multiple oocytes were present and had begun to
both had very few germ cells, and because germ cells induce formation of primordial ovarian follicles (Fig. 1G). By
the adult arise from postnatal gonocytes and oocytes, weontrast, Pin17- ovaries had fewer oocytes and, as a
speculated that there was a common germ cell defect in tlkensequence, few ovarian follicles were formed (Fig. 1H).
early postnataPin1”- males and females. Investigation of These findings suggest that the development of primordial
early postnatal testes and ovaries revealed that both males aygtm cells (PGCs), which give rise to the postnatal gonocytes
females had a severely reduced number of germ cells at birimd oocytes, is compromised?inl-deficient male and female
(Fig. 1E-H). In the newborn wild-type testes, gonocytesembryos.
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Fig. 2. Primordial germ cells express the Pinl protein.

expression in Sertoli cells (Fig. 2A). As expected, no Pinl
protein was detected in testis ®inl17- mice (Fig. 2B).
Because postnatal germ cells arise from PGCs, we also
investigated whether PGCs express the Pinl protein. In the
gonads of male and female embryos at 13.5 dpc, PGCs, which
are identified by their surface antigen PECAM (red, round
cells) (Schmahl et al., 2000; Yao et al., 2002), have intense
expression of the Pinl protein as demonstrated by
immunofluorescence (green, Fig. 2C,E). The specificity of the
Pinl staining was confirmed using anti-Pinl antibodies pre-
absorbed with Pinl proteins (Fig. 2D,F). This is consistent with
the reported finding that Pinl is among the genes identified in
a 13.5 dpc mixed-sex PGC cDNA library (Abe et al., 1998).
To determine whether Pinl is expressed in PGCs during earlier
embryonic development, we performed Pinl immunostaining
in embryo sections, and processed the adjacent serial-sections
for alkaline phosphatase assays to identify the regions where
PGCs were located. We found that Pinl is expressed in PGCs
as early as 7.5 dpc when they were allocated at the future
allantoic bud (see Fig. S2D,E at http://dev.biologists.org/
supplemental/). The Pinl expression is maintained in PGCs
during their migration from the base of the allantois at 8.5 dpc
to the gonads (see Fig. S2A,B at http://dev.biologists.org/
supplemental/). At 9.5 dpc, migrating PGCs, identified by their
alkaline phosphatase expression, were seen in the hindgut and
dorsal mesentery (Fig. 2H), and were positive for the Pinl
staining (green, Fig. 2G). Negative controls using Pinl protein
pre-absorbed anti-Pinl antibodies showed no Pinl staining
(Fig. 2I; see Fig. S2C,F at http://dev.biologists.org/
supplemental/). These results revealed that Pinl is expressed
in PGCs throughout their embryonic development, suggesting
that the absence &finl might directly affect the development

of PGCs in both male and female embryos.

Impaired PGC developmentin  Pin1-~ embryos

To investigate the development of primordial germ cells in
Pin17- embryos, we examined embryos and gonads
throughout the PGC migratory and proliferative phases, from
8.5 to 13.5 dpc (McLaren, 2000; Tam and Snow, 1981). In

(A) Immunohistochemistry using anti-Pinl antibodies reveals high pjn1-- embryos at 8.5 dpc, a normal number of PGCs,

Pinl protein expression in postnatal day 1 (P1) gonocytes (arrows).

(B) No Pin1 protein is detected Rin1~~gonocytes (arrow).

(C,E) Immunofluorescence shows intense Pinl protein expression

(green) in 13.5 dpc male XY (C) and female XX (E) PGCs,

identified as large round cells by their surface antigen PECAM (red,

round cells). (D,F) Negative control using pre-absorbed anti-Pinl

identified by their high alkaline phosphatase expression
(Lawson et al., 1999), was initially allocated at the base of the
allantois (Fig. 3A,B). By 9.5 dpc, PGCs were migrating
through the hindgut wall in both wild-type an@inl-/-
embryos, which were of similar size and developmental stage.

antibodies with Pin1 proteins shows the lack of green Pin1 staining, However, fewer PGCs were seenRml-deficient male and

demonstrating the specificity of the anti-Pin1 antibody.

female embryos (Fig. 3C,D). No abnormal or ectopic PGC

(G) Immunostaining for Pinl in 9.5 dpc embryo section reveals Pinlmigration was noted iRinl-deficient embryos, indicating that

expression (green) in the embryo. (H) Alkaline phosphatase

the PGC number did not decrease as a result of defective

detection of PGCs (brown, arrowhead) in the adjacent serial-sectionmigration. On the final day of proliferation, 13.5 dpinl=/-

shows the location of PGCs in the hindgut (hg) at 9.5 dpc. Pinl1
protein (green) is expressed in the PGC containing regions of the
hindgut in G. (I) Negative control using pre-absorbed anti-Pin1
antibodies shows the lack of green Pinl staining. (G,I) Red, DAPI
stained nuclei. s, somite.

Primordial germ cells express the Pinl protein

male and female gonads contained fewer PGCs than did wild-
type gonads (Fig. 3E-H). Consistent with observations in
postnatal testes, the immature testis cords, which are
distinguished by the presence of laminin at the basement
membrane, formed normally in thnl-deficient embryonic

male gonads (Fig. 3E,F). The overall size®wfl~- embryos

and gonads were similar to wild-type, indicating that the

To establish whether germ cells express Pinl, we performeatifference in the PGC number did not result from general
immunohistochemistry using an anti-Pin1 antibody (Winkler etlevelopmental delay.

al., 2000). We first observed that Pinl protein was highly Because a reduction in the final PGC number could reflect
expressed in gonocytes of wild-type mice, with weakan impairment during the earlier stages of PGC development



Pinl in PGC proliferation 3583

XX/AX ddp ¢'g

¢cH-2uojstgoydsonyc

INPOEI LOSAT]

Fig. 4.Pin17~PGCs do not undergo cell cycle arrest and apoptosis.
(A,C,E) Wild type; (B,D,F)Pin1~. (A-F) Confocal images of 12.5
dpc male (XY) gonads after whole-mount immunohistochemistry.
(A,B) Nearly all PGCs (green, round cells) are positive for the Ki67
antigen (red, arrowheads) in wild-type (A) a@id1-mutant

(B) gonads, indicating that PGCs are actively cycling in the presence
and absence @finl. (C,D) Phosphohistone H3 (green, arrows)
identifies PGCs (red, round cells) in mitosis in wild-type (C) and
Pin1-- (D) gonads. No accumulation of phosphohistone H3-positive
cells is seen iRin1~gonads, indicating th&in1--PGCs are not
arrested in mitosis. (E,F) Wild-type (E) aRahl-mutant (F) PGCs
(green, round cells) are not positive for the apoptosis marker
LysoTracker (red), indicating th&in1--PGCs do not undergo
increased apoptosis.

XX 2dp £°¢€1

(Lawson et al., 1999), we examined whether PGCs were
affected in a continuous or stage-specific manne®iiri—"-
embryos. We quantified PGC number in wild-type &nafl-
deficient embryos and gonads from 8.5 to 13.5 dpc, and

Fig. 3.PGC number is progressively impairec_Pi'rml—’—_ embryos. analysed the data using three-factor ANOVA (Fig. 3lI).
(A.C,E,G) Wild-type. (B,D,F,HPin1"~ (ﬁ,B) Light micrograph Compared with the increase in PGC number seen in wild-type
images of 8.5 dpc wild-type (A) ariin1~~ (B) whole-mount embryos, PGC number increased significantly more slowly in

embrycl)s aﬂ‘ter all:jalinehpht;)spha;aie aisays_shgglgclafsh(arrow) ar%oth Pinl-deficient male and female embryos. The progressive
properly a ocated at the base of the allantois. , o] t : .

. . e ANt i nature of the impairment suggested that normal PGC
micrograph images of 9.5 dpc wild-type (C) aid1"~ (D) whole development was disrupted throughout the 5-day period of cell

mount embryos after alkaline phosphatase assays show PGCs ; LS A -
(arrows) migrating through the hindgut. TR 1--embryo has proliferation inPin1~- embryos, and tha&inlis required for

fewer PGCs. (E-H) Confocal images of 13.5 dpc wild-type (E,G) an@Xpansion of the germ cell lineage after its initial allocation at

Pin1~- (F,H) male XY (E,F) and female XX (G,H) gonads after the base of the allantois.

whole-mount immunohistochemistry. PGCs (red, round cells, white

arrows) are identified as large round cells by their surface antigen Absence of cell cycle arrest and apoptosis in Pin1--

PECAM. Testis cords are identified by laminin at the basement PGCs

membrane as green crescents (white arrowheadsPimMeficient Because mouse embryo fibroblasts fioim1—- embryos have

gonags Ta::/%fgw PGsz,_but ”lo”;‘f;' ?ofrdilare for:jn?d |n|th¢>e()r2nale been shown to have difficulty entering into the cell cycle from

?r(i)nr?t : i(n)k) who?;g]mf)r 'gsn}?;% o d(g é q uc(;)a?;l cgrrr?aaﬁable GO arrest (Fujimori et al., 1999; You et al., 2002), we
gn. P $ : > CP b Jnvestigated the cell cycle status &in1’- PGCs using

onadal sections (11.5-13.5 dpc) at different stages: wild-type, soli - h . . . .
%inl_/_, hatched. \5alues reprege%t meanis_émgstica"y P antibodies against Ki67, a protein expressed in all phases of

significant (ANOVA): not significant at 8.5 dp<0.0005 at 9.5 dpc; the cell cycle but absent in GO cells (Scholzen and Gerdes,
P<0.0001 at 11.5-13.5 dpc. Subtests at each age were legitimatised000). Almost all PGCs in the wild-type aRéh17—male and
by the genotype& age interactionP<0.0001. female gonads at 12.5 dpc were positive for the Ki67 antigen
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Fig. 5.Decreased proliferation Rin1-"~
PGCs. (A-C) Male XY; (D-F) female XX.
(A,B,D,E) Confocal images of 12.5 dpc
male (A,B) and female (D,E) gonads after
whole-mount immunohistochemistry.
(A,D) Many PGCs (green, round cells)
incorporated BrdU (red, solid arrows) in
wild-type gonads. (B,E) FeRin17-PGCs
were labeled with BrdU (red, solid arrows)
in the same period, while mafn1-'-
PGCs did not incorporate BrdU (broken
arrows). (A,B)Pin1~-Sertoli cells
(arrowheads) appeared to be labeled with
BrdU similar to wild type. (C,F) Bar
graphs of BrdU labeling indices of wild-
type (solid) andPin1-~ (hatched) male XY
(blue) and female XX (pink) PGCs. Values
represent meanzs.e.ftatistically
significant using unpaired Studerttgest,
P<0.001.

I AX2dp e71

XX adp ¢°71

(Fig. 4A,B, male shown), indicating that all PGCs wereembryos was due to decreased cell proliferation. Furthermore,

actively cycling at this stage, and that the absen¢andfdid

the BrdU labeling of somatic cells (cells other than the round

not cause GO arrest in PGCs. As antisense depletion of Pin1RGCs) was similar in both wild-type afin1~-gonads (Fig.

HelLa cells, and deletion of th&n1 homologEsslin budding

5A,B,D,E). Specifically, Sertoli cells, which can be seen lying

yeast induced mitotic arrest (Lu et al., 1996), we also analysedong the basement membrane of the testis cords, did not show
Pin17- PGCs using antibodies against phosphohistone H3, decreased BrdU incorporation Rin1~-gonads (Fig. 5A,B),

mitosis marker (Fig. 4C,D, male shown). If PGCPin17/~

establishing that the proliferative defect in the absen&ndf

gonads were arrested in mitosis, we would expect to observeas germ cell specific.

a large accumulation of phosphohistone H3-positive cells.
However, quantification revealed that the percentagndf’-
PGCs in mitosis (6.4%) was not significantly different from
wild type (5.8%), indicating that mammalidinl-deficient
PGCs progressed through mitosis. To investigate wheihér
deficiency affected PGC survival, we analysed the presence
apoptotic cells in whole-mount gonads (Yao et al., 2002
Zucker et al., 1999). In 12.5 dpc wild-type gonads, some cell
stained positive for the apoptosis marker LysoTracker (red
but little if any overlap was seen with the PGC marker PECAN
(green, round cells, Fig. 4E, male shown), consistent witl
published literature that few PGCs undergo apoptosis at th
stage in vivo (Coucouvanis et al., 1993; Yao et al., 2002
Similarly, no apoptotic PGCs were seefPin1--gonads (Fig.
4F, male shown). These findings indicated that unlike culture
cells and budding yeast (Lu et al., 1996), PGCs did not under
cell cycle arrest and cell death in the absendeimf.

Decreased proliferation of  Pin1~~ PGCs

We then assessed the proliferative capacity of PGCs in wilc
type andPinl~= gonads by in vivo 5-bromodeoxyuridine

(BrdU) incorporation. Embryos were obtained from

M

GO
p-H3 v

Ki67

G2 Gl

Pin1++

Pin1++ Brdu

8.5dpc 13.5dpc
Pinl-/- @
8.5dpc 13.5dpc

heterozygous pregnant females pulse-labeled for 30 minutFig. 6.lllustrative model of cell cycle progression and proliferation
W|th BrdU, Wh'Ch was detected in Wholemount gonads|n PGCs. CyClln?”’]l_/_ PGCs (bottom) have a lower BrdU |abe||ng

(Schmahl et al., 2000). Many PGCs were positive for BrdU jfindex (red), but normal Ki67, phosphohistone H3 and apoptosis

12.5 dpc wild-type male and female gonads (Fig. 5A,D). By
contrast, fewer PGCs incorporated BrdU in the same peric
in 12.5 dpcPinl”~ male and female gonads (Fig. 5B,E).

marker profiles. This indicates tHein1-~PGCs have a prolonged

cell cycle because of defective cell cycle progression (larger, hatched
circle) rather than cell cycle arrest and apoptosis. The net effect of
decreased proliferation is fewer cell divisions (represented by

Quantitative analysis revealed a lower BrdU labeling index ifarrows) inPin1-deficient PGCs in the same time period, resuiting in
the Pin17~ PGCs in both males and females (Fig. 5C,F). Thifewer PGCs at the end of the proliferative phase on 13.5 dpc in the

suggested that the decreased number of PGRislrdeficient

absence oPinl
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DISCUSSION may be required for proper progression of PGCs through
mitosis. Nevertheless, we favor the idea that PGCs have a
Based on our results, we propose tRatl-deficient PGCs prolonged cell cycle as a result of defective G1/S progression
undergo inefficient cell cycle progression rather than cell cyclen the absence of Pinl. Pinl has been reported to increase the
arrest, which leads to a lengthening of the cell cycle (Fig. &ranscriptional activity of Jun and the stability of cyclinD1,
hatched larger circle). The net effect is tiRihl"~ PGCs both of which regulate G1/S progression (Liou et al., 2002;
divide less frequently during the 5 day proliferation periodWulf et al., 2001). These studies imply that impaired Jun
compared with wild-type PGCs (Fig. 6, solid smaller circle),activity and decreased cyclinD1 levels may contribute to G1/S
resulting in a severely reduced number of germ cells at the enlglays and a lengthening of the cell cyclePim1-deficient
of the proliferative phase (Fig. 6). PGCs. However, mice null for phosphorylated Jun (the form
From studies in vertebrate cells and yeast it has bedhat binds Pinl) or cyclinD1 are viable and fertile (Behrens et
proposed that Pinl plays a role in many aspects of the call., 1999; Fantl et al., 1995), revealing that neither protein can
cycle, including G2/M and G1/S progression, GO re-entry, antle the sole target responsible for the PGC phenotype and
mitosis (Crenshaw et al., 1998; Fujimori et al., 1999; Hanes étfertility in Pin17— mice. Therefore, it is possible that Pinl
al., 1989; Lu et al., 1996; Shen et al., 1998; You et al., 2002acts on multiple targets to achieve a combinatorial effect in its
The generation of the homozygo&snl-null mice on an regulation of PGC proliferation. Alternatively, an intriguing
isogenic background provided a unique opportunity tgoossibility is that Pinl may regulate a factor unique to
investigate the physiological role of Pinl in the mammal. It hagproliferating PGCs. In this regard, Drosophilawhere Pinl
been reported th&in1--mice maintained on a mixed genetic plays a role in developmental signaling, it regulates the
background were fertile with normal ovarian morphology andstability of a transcription factor Cf2 in follicle cells in
only mild testicular degeneration in older mice (Liou et al.response to growth factor receptor-activated MAPK signaling
2002). Here, we show that on an inbred C57BL/6J geneti(Hsu et al., 2001). Of the molecules proposed to influence PGC
backgroundPinlis not only required for normal fertility in both proliferation, including Scf, Kit and Fgf, many are extracellular
males and females, but also plays a crucial role in primordigrowth factors and growth factor receptors capable of
germ cell development during mouse embryogenesis. activating the MAPK cascade (De Miguel et al., 2002; Godin
We have discovered that Pinl is required for proper cekt al., 1991; Matsui et al., 1992; Resnick et al., 1992; Zhao and
cycle progression and proliferation of mammalian primordialGarbers, 2002). Therefore, Pin1 may act as an intracellular
germ cells in vivo. Interestingly, embryonic somatic cellsignal responder in a growth factor-activated MAPK pathway
proliferation did not requirinl, despite the fact that somatic in primordial germ cells in vivo, ensuring efficient cell cycle
cells also express the Pinl protein, raising the possibility thatrogression and facilitating their proliferation to establish the
embryonic somatic cells possessed an additional compensatanale and female germline.
prolyl-isomerase. Recently, it has been reported that another
prolyl-isomerase in the parvulin family to which Pin1 belongs, The authors thank G. C. Enders for providing the GCNAL1 antibody;
Parl4, was upregulated about threefol®inl”- MEFs, and H Enckson_ for prowdmg the Ia_mlnln antlbc_)dy; T. J. th_)ar for_h(_elp
inhibitors of both Pinl and Par14 decreased cell proliferatior]? €Stablishing the animal colonies; T. Slotkin for help with statistics;
Thus, Parl4 may function as a compensatory prolyl-isomeras M. Brenner for the suggestion to use Ki67 and phosphohistone H3

. . . . n tissues to assess cell cycle status; L. Vassilev and D. Walker of
in the absence of Pinl. It is possible that PGCs lack Parl4 gt -0 | aRoche for access to the initial mouse colony: and

that Parl4 is not upregulated in |7GC_S, contributing 10 thgiempers of ARM’s and B.C’s laboratories for advice and
selective germ cell phenotype Rin1~~ mice. Availability of =~ comments. This work was supported by grants from the NIH (to
Parl4 antibodies would help to investigate this possibility irA.R.M. and B.C.), and by the medical scientist training program from
the future. Alternatively, mammalian PGCs may be particularlyhe NIH (to FW.A)).
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